The sgtR1 and sgtR2 genes encoding putative regulators similar to the Aha1 and ArsR families, respectively, were identified downstream from the sprT gene. To investigate their function, expression vectors containing various combinations of sprT, sgtR1, and sgtR2 were transformed into Streptomyces lividans and Streptomyces griseus. The trypsin activity levels produced by S. lividans harboring pWHM3-TR2 (sprT and sgtR2) or pWHM3-TR1R2 (sprT, sgtR2, and sgtR2) were, respectively, 6.6 or 8.9 times that of S. lividans transformed with pWHM3-T (sprT). In the pWHM3-TR1R2 transformant, the transcription of sprT consistently occurred during the earlier stages of growth and was maintained at a higher level throughout the 6 days of cultivation. Streptomyces griseus IFO13350 harboring pWHM3-TR1R2 also produced trypsin activity 2.1 times that of the pWHM3-T transformant. However, all S. griseus DadpA transformants produced lower SGT activity than the wild-type strain, and none could overcome the deficiency in AdpA transcriptional activator, suggesting that AdpA is an absolute prerequisite for sprT expression. The sprT transcript was detected at a high level only in the wild-type strain, but the sgtR1 and sgtR2 transcript levels were very similar between the S. griseus IFO13350 and DadpA strains. This clearly demonstrates that the transcription of the sgtR1 and sgtR2 genes is not dependent on AdpA and that they are therefore not members of the AdpA regulon.
Introduction
Streptomyces griseus is an industrially valuable strain of bacteria because it can be used to produce streptomycin and proteases. Therefore, its molecular biology has been extensively studied, particularly in relation to its production and regulation of streptomycin and proteases (Chater, 1993) . Recently, regulatory cascades that are initiated by the microbial hormone A-factor (2-isocapryloyl-3-R-hydroxymethyl-g-butyrolactone) and that result in changes in secondary metabolism, morphological differentiation, and protease production have been reported in this strain (Horinouchi, 2002) .
Streptomyces griseus trypsin (SGT) is a bacterial serine protease with a high degree of similarity to mammalian trypsin (Trop & Birk, 1970) . The sprT gene (GenBank Accession No. M64471) encoding SGT has been isolated from a S. griseus ATCC 10137 genomic library (Kim et al., 1991; Koo et al., 1999) . The introduction of sprT into Streptomyces lividans induced overexpression of SGT, which resulted in morphological changes in colony shape (Chi et al., 2001) . The activity of purified SGT is significantly enhanced by the presence of manganese, which is known to stimulate sporulation and secondary metabolite formation in S. griseus and Streptomyces coelicolor (Hong et al., 1993; Hong & Horinouchi, 1998; Chi et al., 2003) . In agreement with an extracellular proteome analysis, SGT activity has been detected at a late stage of growth in the wild-type strain but not in an A-factor-deficient mutant of S. griseus (Kim & Hong, 2000) . These results strongly suggest that SGT expression is dependent on A-factor and that SGT plays a critical role in the morphological differentiation of S. griseus at a later stage of its life cycle. Based on this assumption, it has been previously demonstrated that, in S. griseus, sprT and its homolog, sprU, are controlled by A-factor at the level of transcription via A-factor-dependent transcriptional activator (AdpA). AdpA was shown to activate the transcription of both genes by binding to operators located c. 50 nucleotides before the transcriptional start site Yang et al., 2005) .
An analysis of a S. griseus ATCC 10137 genomic library revealed that a 6.4-kb EcoRI-HindIII fragment contained six complete ORFs including the sprT gene . ORF2 and ORF3, located downstream of the sprT gene, have a high degree of similarity to many transcriptional regulators belonging to the Aha1 and ArsR families, respectively. This prompted the study of roles of these two putative regulatory genes in SGT production. In this study, an investigation was carried out on the regulatory functions of ORF2 (named SgtR1) and ORF3 (named SgtR2) in the expression of sprT and their relationships with the A-factor regulatory cascade.
Materials and methods

Bacterial strains and plasmids
Streptomyces griseus ATCC 10137 was from the American Type Culture Collection, USA. Streptomyces lividans TK24 was from the John Innes Institute, UK. Streptomyces griseus IFO 13350 and its mutant strain, S. griseus DadpA, were from the University of Tokyo, Japan. Escherichia coli strains DH5aF 0 and BL21 (DDE3)pLys and the cloning vectors pET28a, pUC19, yT&A, and pGEM-easyT were purchased commercially and were used for subcloning. The Streptomyces-E. coli shuttle vector pWHM3 was used for overexpression in Streptomyces.
Media and culture conditions
Escherichia coli was maintained on M9 minimal agar and was routinely cultured in Luria-Bertani medium at 37 1C with agitation (Sambrook & Russell, 2001 ). The Streptomyces strains were maintained on R2YE agar (protoplast regeneration medium with yeast extract containing 2% agar) and were grown in R2YE liquid broth at 28 1C for the preparation of protoplasts and isolation of plasmid DNA (Kieser et al., 2000) .
Enzymes and chemicals
Restriction endonucleases, T4 DNA ligase, and Taq polymerase were purchased from Takara Shuzo Inc., Japan. The primers for PCR were obtained from DyneBio Inc., Korea. All chemicals were purchased from Sigma Chemical Co. (St Louis, MO).
DNA manipulations
DNA preparation and manipulations were performed in E. coli using methods described by Sambrook & Russell (2001) . DNA samples were digested with restriction endonucleases and ligated using T4 DNA ligase according to the supplier's recommendations. DNA digests were analyzed by horizontal agarose gel electrophoresis in Tris-acetate-EDTA buffer (Sambrook & Russell, 2001 ).
Transformation procedure
Competent E. coli strains were routinely prepared according to the frozen storage protocol, and transformations were performed as described previously (Hanahan, 1983) . Streptomyces protoplasts were prepared as described by Okanishi et al. (1974) . The resulting protoplasts were transformed using the polyethylene glycol-mediated transformation method, and the transformants were selected by overlaying with 2.5 mL of 0.6% soft R2YE agar containing 25 mg mL À1 of thiostrepton (Kieser et al., 2000) .
Construction of vectors for expression of sprT in Streptomyces
Various sprT expression vectors were constructed with different combinations of sgtR1 and sgtR2. The recombinant plasmid pWHM3-T was constructed by inserting sprT into the high-copy number plasmid pWHM3, as described (Koo et al., 1999) . The sgtR1 and sgtR2 genes were each amplified by PCR using the primers listed in Table 1 . A 750-bp fragment encoding sgtR1 was subcloned into the vector yT&A and then transferred into pWHM3-T digested with XbaI and HindIII, to produce pWHM3-TR1. A 700-bp fragment encoding sgtR2 was subcloned into pGEM-easyT, digested with PstI and SphI, and then introduced into pWHM3-T digested with the same restriction enzymes, to produce pWHM3-TR2. A 1200-bp fragment was amplified by PCR using the primers sgtR1-Fe and sgtR2-Re, digested with PstI and HindIII, and ligated into pWHM3-T, yielding pWHM3-TR1R2. Restriction maps of the constructs are shown in Fig. 1 , and the PCR primers are listed in Table 1 . All recombinant plasmids were purified from E. coli and used for protoplast transformation of Streptomyces.
Sample preparation for protease assay
Streptomyces transformants harboring each of the recombinant plasmids were grown in 100 mL of R2YE medium in 500 mL baffled flasks at 28 1C with vigorous shaking at 250 r.p.m. After 2 days of cultivation, 10 mL of culture broth were used to inoculate 100 mL of various liquid media in 500 mL baffled flasks maintained under the same conditions. Each day, 5 mL of culture broth were removed and centrifuged at 3500 g for 10 min. The supernatant was used to measure protease activity. The cell pellet was disrupted by sonication and used to quantify the cellular protein. The Bradford method was used for protein quantification, with bovine serum albumin standards (Bradford, 1976) .
Determination of trypsin activity
Trypsin activity was measured spectrophotometrically as the release of r-nitroaniline by the enzymatic hydrolysis of the artificial chromogenic substrate N-a-benzoyl-DL-argininer-nitroanilide (Koo et al., 1999) . The assay reaction mixture contained 890 mL of reaction buffer (50 mM Tris-HCl, pH 8.0, 20 mM CaCl 2 ) and 10 mL of 50 mM N-a-benzoyl-DLarginine-r-nitroanilide. The reaction mixture was warmed for 5 min at 37 1C, then rapidly mixed with 100 mL of sample enzyme solution, and incubated for 15 min. The reaction was stopped by the addition of 400 mL of 30% acetic acid in dioxane, and the A 405 nm was recorded. One unit of trypsin was defined as the amount of enzyme required to produce an absorbance increase of 0.1 under the above conditions.
Reverse transcriptase (RT)-PCR analysis
Total RNA from Streptomyces strains cultured in R2YE broth at 28 1C for 2, 3, 5 and 7 days was prepared using an RNeasy plant mini kit (Qiagen, Hilden, Germany). First-strand cDNA was synthesized from total RNA using a Superscript III first-strand synthesis system (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. The mRNA transcripts of sprT, sgtR1, and sgtR2 were detected by RT-PCR using specific primers (Table 1) . A pair of hrd gene-specific primers (Brown et al., 1992) was used as a control.
Results and discussion
Identification and characterization of the sgtR1 and sgtR2 genes The 6.7-kb EcoRI-HindIII DNA fragment, which includes the sprT gene, has been cloned from S. griseus ATCC 10137 chromosomal DNA . The nucleotide sequence showed that the fragment contained seven ORFs, which included the sprT gene encoding SGT (Fig. 1a) . The ORFs on one DNA strand were named ORF1, SGT, ORF5, and ORF6; the three ORFs on the opposite strand were named ORF2 (SgtR1), ORF3 (SgtR2), and ORF4 (GenBank Accession No. AAS92596). ), which is found in a range of bacterial and eukaryotic proteins. SgtR2 (131 aa) contains an arsenical resistance operon repressor (ArsR)-type HTH domain, which is also present in transcription regulators of the ArsR/SmtB family. Janas (GenBank Accession No. YP_509043, 247 aa) from Jannaschia sp. CCS1 represents another type of regulatory protein of greater molecular size and contains an ArsR-type HTH domain in the N-terminal region and an Aha1-type DUF704 domain in the C-terminal region. The sgtR1 gene is located downstream of the sprT gene and in the opposite direction. It encodes a protein of 169 amino acids (aa) with a predicted molecular mass of 18.7 kDa and a calculated pI of 4.67. The amino acid sequence of SgtR1 showed some degree of similarity to several hypothetical proteins with unknown functions, such as a hypothetical protein JNB14323 (GenBank Accession No. ZP_00996199, 173 aa) from Janibacter sp. HTCC2649 (52% identity) and a hypothetical protein Nfa37010 (GenBank Accession No. YP_119913, 168 aa) from Nocardia farcinica IFM10152 (38% identity). Interestingly, a conserved domain search (Marchler-Bauer & Bryant, 2004) revealed the presence of an Aha1-type DUF704 domain in SgtR1, with an expected value of 8e À10 (Fig. 1b) . Aha1 was identified as a cochaperon that binds to the molecular chaperon Hsp90 and is essential for the maturation of hormone receptors and protein kinases. It contributes to client protein activation and stimulates the ATPase activity of Hsp90 (Panaretou et al., 2002; Lotz et al., 2003) . Although the function of this presumed Aha1 domain is unknown, it occurs in a range of bacterial and eukaryotic proteins (Mayer et al., 2002) . The sgtR2 gene encodes a polypeptide of 131 aa with a predicted molecular mass of 14.3 kDa and a calculated pI of 6.92. It contains an arsenical resistance operon repressor (ArsR)-type helix-turn-helix (HTH) domain (Fig. 1b) . The ArsR-type HTH domain is a DNA-binding, winged HTH (wHTH) domain of about 90-100 aa that is present in transcriptional regulators of the ArsR/SmtB family and is involved in the stress-response to heavy metal ions (Dodd & Egan, 1990; Cavet et al., 2002; Busenlehner et al., 2003) . SgtR2 has high sequence similarity to many transcriptional regulators, including a putative transcriptional regulator (GenBank Accession No. ZP_00996200, 134 aa) of Janibacter sp. HTCC2649 (67% identity), a transcriptional regulator (GenBank Accession No. NP_104804, 87 aa) from Mesorhizobium loti MAFF303099 (48% identity), a regulatory ArsR-like protein (GenBank Accession No. ZP_01206584, 107 aa) from Mycobacterium vanbaalenii PYR-1 (48% identity), and a putative transcriptional regulator (GenBank Accession No. YP_119912, 120 aa) from Nocardia farcinica IFM 10152.
Based on this comparison among amino acid sequences, it was assumed that sgtR1 and sgtR2 may play a regulatory role in the cell. As sprT is located downstream of sgtR1, it may be a target gene. Therefore, the possible roles of sgtR1 and sgtR2 in the regulation of sprT expression were investigated.
According to the nucleotide sequences, the TGA stop codon of sgtR2 overlaps the ATG start codon of sgtR1 (overlapping nucleotides are underlined; Fig. 1a ). To confirm the sequence data, a 1040-bp DNA fragment containing sgtR1 and sgtR2 was inserted into pET28a downstream of the T7 promoter in the vector, for expression in E. coli (data not shown). Two proteins corresponding to SgtR1 (18.7 kDa) and SgtR2 (16.5 kDa) were detected on sodium dodecyl sulfate-polyacrylamide gel electrophoresis after isopropylb-D-thiogalactopyranoside induction of pET28-TR1R2-transformed E. coli, indicating that sequence data for sgtR1 and sgtR2 are correct (data not shown). As no internal promoter sequence could be found for sgtR1 and because most promoters from streptomycetes are highly inefficient in E. coli, it was thought that the two proteins were coexpressed from the T7 promoter.
Overexpression of sprT in combination with sgtR1 and sgtR2 in S. lividans TK24
Based on their similarity to known regulatory proteins and their locations just upstream of the sprT gene, it was examined whether sgtR1 and sgtR2 have roles in regulating the expression of sprT. Four recombinant plasmids were constructed using the vector pWHM3: pWHM3-T containing the sprT gene, pWHM3-TR1 containing the sprT gene plus sgtR1, pWHM3-TR2 containing the sprT gene plus sgtR2, and pWHM3-TR1R2 containing all three genes, sprT, sgtR1, and sgtR2 (Fig. 2) . The four constructs and pWHM3 control plasmid were used to transform S. lividans TK24, and the transformants were cultured in R2YE medium containing 50 mg mL À1 of thiostrepton. There were no significant differences in growth among the transformants (data not shown). A 5 mL sample was taken each day to measure the trypsin activity. After 7 days of cultivation, the trypsin activity produced by the pWHM3-T transformant reached a maximum of 6.1 U mL À1 , which was 5.08 times the control activity (1.2 U mL À1 ; Fig. 3a) . The trypsin activity produced by the pWHM3-TR1 transformant was similar to that of the pWHM3-T transformant, implying that sgtR1 alone had no affect on sprT expression. However, the trypsin activity of the pWHM3-TR2 transformant (40 U mL À1 ) was 6.6 times that of the pWHM3-T transformant. Furthermore, the pWHM3-TR1R2 transformant produced the highest level of trypsin activity (54.2 U mL À1 ), 8.9 times that of the pWHM3-T transformant, after 7 days of cultivation. A similar pattern of productivity was seen using the casein hydrolysate assay on R2YE agar plates (data not shown). These results clearly suggest that sgtR1 and sgtR2 can enhance the production of SGT in transformed S. lividans. The sprT expression data from S. lividans suggest that SgtR1 or SgtR2 act as transcriptional regulators causing the overexpression of sprT. To confirm this, total RNA was extracted from S. lividans transformed with pWHM3-T or pWHM3-TR1R2, and the amount of sprT transcript was analyzed by RT-PCR (Fig. 3b) . After 3 and 5 days of cultivation, the sprT transcript was detected only in the pWHM3-TR1R2 transformant, in agreement with the trypsin activity results. After 7 days of cultivation, the sprT transcript was detected in both strains, but to a greater degree in the pWHM3-TR1R2 transformant. The sgtR1 and sgtR2 transcripts were detected from 3 days of cultivation only in the pWHM3-TR1R2 transformant and increased depending on cultivation time till 7 days. This result strongly suggests that SgtR1 or SgtR2 may act as transcriptional regulators for the stable overexpression of sprT.
Overexpression of sprT with sgtR1 and sgtR2 in S. griseus Streptomyces griseus is one of the best-studied strains of streptomycetes, particularly regarding the regulation of secondary metabolism and morphogenesis by A-factor. A-factor induces aerial mycelium formation and secondary metabolite biosynthesis by binding to ArpA A-factor receptor protein, which results in the release of DNA-bound ArpA repressor from the adpA promoter (Horinouchi, 2002) . This activates the adpA gene, which expresses A-factor-dependent transcriptional activator (AdpA). AdpA then activates multiple genes required for morphological development and secondary metabolism. To activate the transcription of target genes, AdpA recognizes and binds to a specific promoter region. Many genes controlled by AdpA have been elucidated and grouped as members of the AdpA regulon ; these include genes encoding a pathway-specific transcriptional activator for streptomycin biosynthetic genes (strR), an extracytoplasmic function (ECF) sigma factor of RNA polymerase essential for aerial mycelium formation (adsA), a metalloendopeptidase Transformants were grown at 28 1C in R2YE medium for 3 (black bar), 5 (white bar), or 7 (striped bar) days, and samples were collected to measure trypsin activity. Bars represent the SD (P o 0.05) from the mean of three replicate measurements. (b) Transcriptional analysis of sprT, sgtR1, and sgtR2. The time course of transcription was followed by RT-PCR using RNA prepared from cells grown at 28 1C in R2YE broth, for the number of days indicated. As a control for the purity and amount of RNA used, the transcription of hrdB, which occurs throughout growth, was determined for the same RNA samples.
involved in the degradation of substrate hyphae (sgmA), a small acidic protein for spore septum formation (ssgA), and a factor essential for aerial hyphae formation (amfR) (Kato et al., 2002) . Recently, two trypsin genes (sprT and sprU) and three chymotrypsin genes (sprA, sprB, and sprD) were added to the AdpA regulon Tomono et al., 2005) . The S. griseus DadpA mutant, which contains a disrupted adpA that is not activated by the binding of A-factor to ArpA and its release from the adpA promoter, cannot produce streptomycin or form aerial mycelium . The four recombinant plasmids and control plasmid described above were introduced into two strains of S. griseus, IFO13350 (wild type) and DadpA. After 7 days of cultivation, there was no significant difference in bacterial growth among the transformants (data not shown), but the trypsin activity level produced by S. griseus IFO13350 was 2.62-fold that of S. griseus DadpA (26.2 vs. 10 U mL À1 , respectively). This result supports the hypothesis that AdpA binds to the promoter regions of sprT and sprU to activate their expression at the transcription level in wild-type S. griseus. The lack of AdpA in the adpA-negative strain prevented the spr-mediated increase in trypsin activity (Fig. 4a) . After 7 days of cultivation, the trypsin activity produced by the pWHM3-T transformant reached a maximum of 256 U mL À1 , which was 2.5 times the control activity (102.7 U mL À1 ; Fig. 4a ). The trypsin activity produced by the pWHM3-TR1 transformant was similar to that of the pWHM3-T transformant. However, the trypsin activity of the pWHM3-TR2 transformant (350 U mL À1 ) was 1.4 times that of the pWHM3-T transformant. Furthermore, the pWHM3-TR1R2 transformant produced the highest level of trypsin activity (528 U mL À1 ), 2.1 times that of the pWHM3-T transformant, after 7 days of cultivation. However, the trypsin activity of S. griseus DadpA transformed with pWHM3-TR1R2 was only slightly higher than that of the same strain transformed with the control pWHM3-T (51.8 vs. 40 U mL À1 , respectively).
The lack of a gene dosage effect in the S. griseus DadpA transformants suggests that the transcription of sgtR1 and sgtR2 might be regulated by AdpA via a mechanism similar to the AdpA regulon. Therefore, the possible transcriptional regulation of sgtR1 and sgtR2 by AdpA was analyzed.
Total RNA was extracted from S. griseus IFO13350 and DadpA cultured in R2YE broth, and the levels of sprT, sgtR1, and sgtR2 transcripts were analyzed by RT-PCR (Fig. 4b) . The sprT transcript was strongly detected in the wild-type strain but was almost undetectable in S. griseus DadpA. This is consistent with the authors' previous report . However, the signals for the sgtR1 and sgtR2 transcripts were detected at a similar level in S. griseus IFO13350 and DadpA. This strongly implies that the transcription of ) of the transformants as a function of cultivation time. Transformants were grown at 28 1C in R2YE medium for 3 (black bar), 5 (white bar), and 7 (striped bar) days, and samples were collected to measure trypsin activity. Bars represent the SD (P o 0.05) from the mean of three replicate measurements. (b) Transcriptional analysis of sprT, sgtR1, and sgtR2. The time course of transcription was followed by RT-PCR using RNA prepared from cells grown at 28 1C in R2YE broth, for the indicated days. As a control, the transcription of hrdB was also determined from the same RNA samples. the sgtR1 and sgtR2 genes is not dependent on AdpA and suggests that sgtR1 and sgtR2 are not members of the AdpA regulon. The putative promoter regions of sgtR1 and sgtR2 amplified by the primers in Table 1 showed no positive signal for AdpA binding in a gel mobility shift assay (data not shown). In addition, no consensus sequence could be found for an AdpA-binding site [5 0 -TGGC(G/C)-G(A/T)(A/T)(T/C)-3 0 ] in the putative promoter regions of sgtR1 and sgtR2 . It was therefore concluded that the expression of sgtR1 and sgtR2 in S. griseus is regulated by a mechanism other than the AdpA regulon.
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